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Abstract

Antenna arraying is becoming an increasingly popular technique to cnhancc the
quality of signals rcxwived from distant transmitters. in principle, arraying is a simple
concept that increasm signal-to-noise (SN1{)  ratio by combi nin.g waveforms with iden-
tical signal sources and indepenckmt  noise sources. in practice, however, the combining
algorithm has significant impact on the gain or actual  increase  in SN1t achieved.

q’hc second part of this two part article describes and evaluates the gain that can bc
achieved by implmncmtin.g the Com]kx  Symbol Combining (WC) algorithm. Results
obtainccl hem are then compared to the lhdl-Spectrum  Combining (FSC) algorithm,
which was prcscntcd  in part 1. Specifically, for the follcnving  arrays - two 70-m antennas,
onc 70-m and one 34-m antennas, one 70-m and two 34-m antennas, and onc 70-m and
three 34-m antennas - it is shown that 1+X3 has kxs degradation than CSC when the
subcarrier and symbol window-loop bandwidth procluct is above 3,0, 10.0, 8.5, and 8.2
mllz at a symbol rate of 200 sym/see, and above 1.2, 4.5, 4.0, and 3.5 mllz at a symbol
rate of 400 sym/see, respect, ivcly. Moreover, for an array of four 34-m antennas, FSC
has kss degradation than CSC when the subcarrier  and symbol window-loop bandwidth
]moduct is above 0,32 mllz at the symbol rate c)f 50 sym/see, and above 0.8 mllz at
the symbol rate of 25 sym/scc.

—
* ‘JIIIC  work clcscritd  in tl]is }m]m was carrid out by the Jet 1 ‘rcqmlsicm  1,Aoratcwy,  California institute

of ‘1’dIIIology,  undm a m]ltrad with tlw National Aemlautim  and Spare Achninislration.
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1 Introduction

II] clecp space collllnllllicatiolls, combining signals from multiple antennas is commonly

rcfcrrccl to as arraying. Arraying is particular] y attractive when the comrnuni  cation links

arc operating near thrcshol  CL Consider, for instance, the G alilco spacecraft which duc to a

malfunction high gain antenna must YCI y on its low gain S-band (2.2 to 2.3 G] 1 z) antenna

for data communication. in order tc) imprc)ve its link margin  and maximize data return, the

Galileo $band mission will cmp]oy arraying, and other techniques such as data compression

and suppressed carriers. ‘J’his article clcscribcs the Complex Symbol Combining (CXC) array-

ing tcchni quc which h,as been rnaclc  possib]c  by the advent of all-digital rcccivcrs in NA SA’s

deep space communications nct,work  [1]. ‘1’his  is an attracti  vc arraying option bccausc  it re-

quires little modification to cxi sting systems. ‘]’hc CSC tcchni quc is, subscqucntl  y, compared

to the l“ull-Spectrum Combining (WC) technique, dcscribcd  in part 1 of this article, for the

following five arrays: two 70-m antennas; onc 70-m and onc 34-m antenna; onc 70-m and

two 34-111 antennas; onc 70-m and three 34-m antennas; and four 34-m antennas.

in (NC, dcpictcd  in Fig 1 (a), the rcccivcd 1{1~ signal  at each antenna is first open-loop

downconvcrted  to 1 F; it, in turn, is open-loop downconvcrtcd  to lmcband  using a complex

11“ rcfcrcncc, ‘J’hc 11“ in-phase (1) and q~ladraturc (C)) rcfcrcnccs arc tuned to the prcdictcd

1 F carrier frequency. ‘J’IIc resulting complex baseband  signal, centered at the carrier predict

error, is used for subcarricr  tracking and symbol synchronization which can bc accomplished

using either the 1 arm of the carrier alone or lmth t] IC 1 and Q arms. ‘J’hc latter requires more

comp]cxit  y hut rcsul ts in an improved pcrfonnan  cc as one would expect. A ftcr subcarricr

demodulation, the signal is input to a pair  of matched filters which output soft-quantized

complex symbols that modulate a tone with frequency equal to the carrier predict error.

Since there arc two chmncls  in the down conversion prc)ccss (carrier 1 and carrier Q), the

symbols at the matched filter output modulate quadrature tones and can bc viewed as

COIJI])]CX SylllbO]S. ‘J’he comp]cx  symbols from multiple antcnms arc then transmitted to
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a central location, aligned and combined at baseband, and demodulated using a baseband

Costas  loop. ~’hc CSC output is a single real combined symbol stream. ‘J’hc combiner for

CSC is shown in Vig. 1 (b) and discussed in the section on CSC performance.

‘J’hc kcy difference bctwccn CSC and FSC is the order of carrier-phase alignment bctwccn

the antennas. Whereas in I“SC, carrier-plmsc alignment prcccdcs  subcarricr  demodulation,

symbol synchronization, and matched filtering, in CSC, it follows. In both cases, the carrier

phases are alignccl  and the signals arc combined prior to carrier phase tracking and dcmod-

ul ation. As a result, for an array of two 70-m antennas, the dfcctivc  P/lVO at the input

to the subcarricr and symbol loops in (XC is about 6 dl~ lower than I“SC. !l’hrce of the 6

d] IS arc duc to the signals in CSC Lcing combined after the subcarrier  and symbol loops;

the remaining 3 dB result  from subcarricr  and symbol sy~lcllrc)]lizatio]l  that arc performed

without carrier lc)ck. Assuming the camicr is locked, the cflcctivc l}/lVO at the input to the

subcarricr  and symbol loops in CSC is about 3 d] 1 ]owcr than J“SC. Another kcy difference

bctwccn CSC and FSC arises when arraying a 70-nl and 34-m antenna. in the Galileo case,

the signal is so weak that it is harder for a stand akmc 34-m antenna to lc)ck to the signal

than a stand-alone! 70-m antenna. Conscqucnt]y, whc]) implementing CSC bct,wccn  the two,

the 70-n3 antenna needs to cnab]c the 34-m antenna in tracking the subcarrier  and symbols.

When they arc located within a fcw miles of eac]l  other, the 70-rn antenna can transmit

subcamicr  and symbol loop frequency and phase in fcmnation tc) the 34-m antenna. 11 owcvcr,

when implementing F’SC between a 70-n3 and 34-m ant)cnna  array, no aiding of the 34-m

antenna is required since the cawicr,  ,subcarricr,  and symbol timing loops operate on the

combined signal as dcscribcd  in part 1 of this arti CIC. K’urthermorc, .since it is diflicul  t for a

sing]c 34-m antenna to lock on to the signal by i tsc]f, al] array of four 34-nl antennas is lCSS

cffcctivc  using CSC than FSC. ‘.l’hc difIcrcnces  mentioned almvc arc summarized in ‘J’able 1.

As in the FSC case, the performance of CSC is measured bcih in terms of symbol SNIL

clcgradation and  symbol SN1 t loss. Symbol SN1t degradation is defined as the ratio of the

SN1{, at the matched filter output in the prcscncc  of non-ideal synchronization to the SNlt in
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tl]c]~rcscllcc of ideal  syllcllro]lizatlio]l. On the other  hand, symbol SNlt loss is defined as the

additional symbol SN1 { nccdcd in the prcscncc  of i] npcrfcct  synchronization to achieve the

same symbol “error rate (S1’;1  {) as in the presence of perfect synchronization. Mathematical

rcprcscntations  of degradation and loss for CSC are given in the next sccticm.  Afterwards,

the performance of CSC and l$SC arc compared via various numerical examples. Some of the

results derived in part 1 of this article arc used to clcvclop the degradation and loss theory for

CSC. For the most part, the notations used here are self-contained but, in some instances,

the rcaclcr is refmwd  to part 1 of this article.

2 CSC Performance

As dcpictcd  in Fig. 1 (a), signals from multiple antennas in CSC arc open-]oop downcon-

vertmd to lmcband  ~ partially demodulated using multiple subcarrier  loops, multip]c  symbol

loops, and multiple matched filters, then combined and demodulated using a single baseband

carrier loop. ‘1’hc subcarricr  and symbol locqx+ used for CSC can be the same as those used

in I“SC, or they can be slightly modified versions which take advantage of both the 1 ancl

Q ccnnponcnts of the baseband signal. CSC illl]}lclllelltlatiolls with the same lc)cq~s  as in the

FSC would usc either  the I or Q component of the baseband signal. in either case, the loop

SNI is of the subcarricr  a]]d symbol  loops need to be rc-computed ass the loop input can no

longer be assumed to have carrier lock. l,ct p{C,L,CsC denote the ]ocq) SN] L of the nt}’ subcarrier

loop when either the 1 or Q arm is used (i.e., the unmodified loop), and let p~$,,CsC denote

the subcarrier loop SN1 { when both the 1 and Q arms arc used (i .c., the modi  ficd loop).

Similarly define p~V,,,CsC and p~~,,C.C for the 711” symbol  loop. ‘1’IICII from Appendix A, it is

shown  that

P:c.,  ,Csc  ‘

PL,L,C.C  =

2  2  I<,/NO,,

( )
—
7r m,.,’ 1)..,’
1  l~,/N(),,—————

2112 Wsv,, II.v,, L]
. .

1

)

–1
] .! ——

/I<zY’ NW]
(1)

(2)
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ancl

and symbol loops, rcspcctivc] y; 1{~ and Not), denote rcspcctivel  y the signal power and onc-

siclcd noise power spectral density (1 ‘S1 )) ICVCI of ant,cnna n; and T is the symbol period in

seconds. ‘1’lm squaring loss Lx for the unmodified loop and tl~ for the modified loop arc

defined in Appendix A .2. For t,hc Cali]co  scenario, it is shown that  using the unmodified

subcarricr  and symbc)] loop rcduccs the loop SNI {, by 6 dl 1 compared to the carrier ]ockcd

cmc, and utilizing both the IQ-am rccovcm 3 of the 6 dl)s. Conscqucnt]y,  since the modified

subcarricr and symbol loops result in an improved pcrformancc,  they will bc used in this

article when comparing CSC to I“SC.

ltcfcrring  to l’ig. 1 (a), the combining gain is maximized by aligning the baseband signals

in time and ph(asc, prior to combining. ‘J’hc al ignmcnt  algorithm for an array of two antennas

is shc)wn in Fig. 1 (b). 1 lcrc signal I is assumed to bc clc]aycd by m. symbols with respect

to signal  2, ‘1’hc signals arc time aligned by dc]aying signal 2 by 7h symbols where ?fi is

an estimate of m As in the FSC case, wc ~assumc  perfect time alignment so that T?Z = m.

After time alignment, the phase c)f signal  2 with respect to signal  1 is assumed to bc 021

radians. 1 ]cncc, signal 2 is phase s]] iftcd by an amount cqua] to – bpj, scaled by /3p [2], and

then combined with signal 1.

‘J’hc analysis of CSC degradation and loss Lcgins with the expression for the output

of the matched filter in l“ig. 1 (a). Note that there arc actual] y 21, matched filters pcr 1,

antcnms bccausc  after subcarricr  demodulation, a real symbol  stream is modu]atcd  by 1 and

Q baseband tones. Using comp]cx  notaticm, the matched filter output stream corresponding
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to the k+” symbol and tk! nt}’ antenna, conditicmd  on ~~sC,, and ~j~Cm,  can bc written as

{

flc.G,,lkc[~(A~’’’’-’~”)l  -1 fik,t d~ = d&~
‘&% ‘“” (5)

~~~~G, (] –  ‘)d@l~(Atict’+  0’”)] ‘1 fik,,, dk # d&~‘n

where the noise fik,~ is a complex <laussian  random variable  with variance No/7’. ~’hc sub-

carricr  reduction function, Cs%, is given by* (6, part 1) after replacing ~j8C by #SCn, the

subcarrier  p]] ase error for loop 7t. 1 n addition, the phase  ~)$yn clcnotcs  the symbol synchro-

nization phase cxror for loop n, and Onl is the phase relative to signal 1, i.e. 01 I = O. The

baseband carrier frcqucl]cy A~C or AwC/27r is equal to the dif~crcncc  bctwccn the prcdictcd

ancl actual 1 F’ carrier frequency, and is ,assumcd to bc much lCSS than the symbol rate, i .c.,

A jC << 1 /7’. ‘J’hc degradation at the output of the nlatchcd  filter when the carrier is open

loop downcommrtcd  is approximately given as

])Ajc :- (si&2F)2 (6)

]“igurc 2 illustrates k matched filter dcgraddion  as a function of AjC7’, and it is clear that

ihc degradation is lCSS  than 0.013 dTl WIN!II Ajcl’ <0.03.

‘~’hc combi]~d  si~]]al  afk!r ])has(! c{m~)~~nsat,iol],  ~k in li’i& ] (a), is ~iv~]l  as

(7)

given as [2]

‘1’hc optimum combiner weights arc

(8)

After substituting

Appendix 11. 1)

(~) for fik,,l  in ( ’7) ,  tk! combind  si~llal Call  k! I’CWrittCll  aS fO]lOWS (SCC

& = fidkcj@~’~~k4  0:) + ti.k (9)

1 The notation (6, parll  ) means equation 6 of part, 1 of this article
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wl]crcthc varial~cc  ofthccol~lbil~c(l  complex nois[!is given as [2]

A 1’ ~ 25 part 1] ‘1’hc conditional combined signal power, }“,with  ??~ = ~ ~Or, [!. is given as

(lo)

where C,,,,, is prcscntcd  in (27, part 1). ‘J ‘hc signal  Zk is then dcmodulatml  using a baseband

Costas  loop with output  equal toe ‘~(AwCt~+  ‘~), W]ICrC fjz is an cst,imate of 02. The demodulator

output is a ma] combined symbc)] stream and can bc qmscntcd  as

whcr~  ~;c al)d ]>’ fire r(!s])(!d,idy  @Vcl] by (~, ])a~t  ] ) and ( ] ]). ‘J ‘]](!  lloisc nk is a )d ~ allssi ii~l

ran dom vari abl c with vari ancc OT),2 = ~IY~ where a; is given by (1 O). ‘J’hc SNli cmditioncd

on +C, @~C,k  , (&,, A& , denoted SNli:~c, is defined as the squar~!  of the conditional mean of

~k divided by tk! Co)~ditio~lal  vari al]Cc of ~k, i .(!,

‘J’hc l,asst equation is us(!ful  in computing the symbol SN1t degradation and  loss for CSC as

show]] I.)clow.

2.1 Degradation

‘J’hc degradation is found by dividing the l~llco)l(lit,iollal”  CSC SNI { which inc]udcs the

effects of synchronization and alignm!nt  mm-s by tll(!  ideal SNIL ‘J ‘hc unconditional SNll,

denoted SNRcsc, is computed by taking the statistical expectation of (13) with respect
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to & ().cn , ~.yn , and  A&l. As in part I of this article, & is assumccl  to k ‘J’ikhonov

distributed, and ~JS& and @sY,, arc assumed to be Gaussiali  distributed in addition, ~scn,

a n d  oSC,,  am ,mumccl  to be imlqxmlmt WIICI) n # 7n, al~d thC salnC is frUC for d~~~~ and

(/&/,, . Collseqmmtly,

where the average signal reduction function duc to ph,aw misalignment bctwwm baseband

signals n and m, denoted C/7t?1L) is giv~ll  ~Y (2& part 1) wi~ll

(15)

I 1 l(!re, SNR,,I,CSC  denotes com!lator  SNI{ or [SNI t of the COI@CX signal  ~ ill ~pi.g.  I (b)], and
is shown in Appendix 1+.2 to cx]~ial

(16)

where 7> is the averaging time of the corrclator  and 7‘ is the symbol periocl.  ‘1’hc loop
—— ——

reduction functions C~C,L.  an c1 C?u,,  for the n ‘“ sukarricr and symbol loops arc respectively

given by (16, part 1) and (17, part 1) where the loop SNI{S i]] those equations are given by

(3) and (4). Similarly, ~
— .

and ~~s~,,  can be computed using; the same loop SNlt as follows

[3]

-——

/
G’.q, = 1 – 83 1— .—— —

~@
Gy,, ‘

{ - - - -

1
1  –  –1--—

2X3 &

(17)

(18)

I
‘J’hc carrier loop degradation ~2 is givcm by (15, part 1) with the loop SNlt pC in that equation

computed using the average combined pcnvcr I)’/NoC,, which is found by averaging (11) over

all the phases and then dividing by the cffectivo noise level, NOcf, = ~’a~.  I dean y when
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(20)
05

where the three $ arc with rcspcctl to  @Sc  = (4s(,1  ~...  ~ d’sc,,),  ~.~ ‘ (d~~v,,  . . . . @.Y,,), allcl Ad

:- (A~zl,  .,., A#~~l)l).  Following similar steps as in the sing]c antenna case of part 1, the

conditional S1’;1 t, clcnotcd  l’&C, is given as

.

E.1
N(,l I

of I. antcnn,as of the sam size (i .c., when ~,t = 1 for all n). ‘1’hc loss for CSC is given by

(36, part 1) with P~.C(E) in that equation  now rcplacwl by (20).
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3 Numerical Results and Discussion

‘J’hc discussion sccticm is dividccl  into two parts, ‘J’hc first part dcscribcs  CSC for an

array of two 70-m antennas when the symbol SNIL at each antenna is very low (-11 d]]) and

very high (6 clll). As in the case of l~SC, results show that degradation and loss arc equal

at low SNlt values, but that degradation is a low(!r bound for loss at high SNlt values. ‘J’hc

sccoml part evaluates the performance of CSC and sinmltancous]y  compares it to the IKX

performance dcscribcd  in part 1, ‘1’hc arraying gain for several difI’crcnt antenna combinations

is comput,cd  using signal characteristics that arc typical of the Gal ilco S-band mission to

J upi tcr.

3.1 Degradation vs. L o s s

‘1’hc CSC and  FSC performance for m array  of two 70-m antmnas when the rcccivcd

signal is weak is SI1OW]I  in F’ig. 3; results for a strong signal c~asc arc shown in k’ig. 4(a) for ]]C

z 701 Iz, and Fig. 4(b) for I)C = 16011 z. inspection of these figures show that degradation

and loss arc equal (within 0.01 dll) for weak signal  ICVCIS, but degradation is a lower bound

for loss at strong signal  ICVCIS. Conscqucntl  y, degradation which in .gcncral is a relative

performance measure can bc used at low symbol SNI {S to make an absolute assessment of

the rcccivcd systcm.  Clcarl  y, when all harmonics of the subcarricr  are used (SCC section 3.2)

lJSC outperforms CSC except at narrow Ws,l)s.  = W,V}~sV where both curves convcrgc.

‘J’hc weak and strong signals arc tl]c same as in the FSC example of l’art 1. ‘J’hat  is,
] = 400 sym/see, strong signal: ~01a =. ~ = 15 dll-llz,  R.y,t  =- ~weak signal: ~01 &z&

N02

1 - 400 \ynl/scc.  For an ideal systcm with two equal antennas, the= 32 dlLllz, R$y,t = ~ - ~

combined ~ for the weak signal case is -8 d] 1 which corrcsponds2 to an SIJlt  :- 0.286942,

and the con-hincd ~ in the strong signal c,asc  is 9 d]] for which the SF,]{ = 3.4 x 10-5. ‘1’hc

rcccivcr paramctc!rs for CSC and l“SC in the weak signal c,asc  arc! assumed to bc as follows:

Zl](lqidcal = ~1 Crfc
(c)

$+1, for 1, antcmas  of the sam size.
o
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IIc = 0.1 1 Iz, l~.C and ll$y me varjablc,  IImp  = 4 kllz (applkx  for FSC only), and 7L = 120

seconds. ‘J’hc following parameters apply to the strong signal  case: IL = 7011 z and IIc = 160

IIz, D,. and  }?.y are varjablc,  }]Cm, =- 4 k] IZ (app]ics for I“SC only), and 7: = 120 seconds.

‘1’hc clcgradaticm  curves for WC is found through (19), and the loss curves arc computed

using (36, part 1) in conjunction with (20). 7’llc loss computation for CSC is an iterative

process that  uses the trial-and-error method dcscritml  in part 1. ‘1’hc CSC subcarricr  and

symbol loop SN1 {S arc comput(!d using (3) and (4) r(!spcctivc] y. ‘J’he carrier loop SNI t for

CSC is computed using the average combined power ])’/NOcf,, which is found by avcra,gi  ng

(11 ) over all the phases and then dividing by the (!ffcctivc noise ICVCI.  hlorcovcr,  the corrclator

SNlts  for CSC were computx!d  using (16).

3.2 Galileo S-band Mission Scenario

‘1’hc CSC and l~SC performance for difrcrcnt combinations of 70-nl and 34-m antennas arc

discussed in this section. Since the Galileo sjgnal  is a weak signal, the performance measure

usccl  is degradation, although loss could have also been usccl .ZS clcmonstmtcd  in l“ig.  3.

As pointed out in part I of this article, the 1 h’ signals in l~SC arc typically transmitted to

central location before being combined and demodulated using a sjnglc  reccivcr. Duc to the

finite bandwidth of the retransmission channc], 0.22 d]) of ‘the total energy is lost in l~SC.

‘J’hc mtransrnissicm of CSC signals to a ccntra] location, on the other hand, dots not  result

in an energy loss bccausc  the symbol rates for G alikm (less than 640 sym/see) can bc casil y

supported by the retransmission chmncl.

3.2.1 Array of Two 70-m A n t e n n a s :

With that background, consider first an array of two 70-m antennas when the signal

charactcristi  cs and rcccivcr parameters arc the same as those in l’ig. 3. ‘J’he CSC degradation

curve, which is the same as in k’ig. 3 sjncc no energy is lost in retransmission, is plotted in Fig.

5 along wjt,h the shifted l~SC curves. Ncdjcc  that both techniques have equal performance



when W~Cll~C = W’~Yll~V  == 1.2 n]Ilz. In addition, Fig. 5 shows results using the same

parameters as in Fig, 3 but now with li~w,,  =- 200 sym/scc  . in this case, CSC and l~SC have

equal pcrfcmnancc  when WJ18C  =- W~v}18v  =-

componcnts  (carrier, subcarricr,  symbol, and

the relative contribution of each to the! total

Sym /sCc.

3.0 ml Iz. ‘J’hc degradation duc to individual

corrclator)  arc discussed below to understand

d(!gradation shown in Fig. 5 for RsV~t  = 400

‘1’lm clc.gradation  due to a sing]c component is defined as the degradation that

observed when all but a sing]c component is operating idcall  y. F’or example, in

degradation duc to the carrier lcmp is given ,as

wcnl]cl  be

~S~ the

(22)

which is dcri vcd by setting the corrclator  SNI 1, the subcarricr  loop SNJt, and {(}w symbol

loop SNlt to infinity in (19). ‘1’hc degradation duc to individual components is shown in

Fig. 6(a), (b), (c), and (d), ‘J’able 4 lists the clcgradation break-down for CSC and l~SC at

Wscllsc = W.vllsy  = 5 ml 1 z. lt is evident that the combiner degradation for both schcmcs

is negligible. Also, the carrier degradation is the same for CSC and FSC sinc(! the carrier

loop SNlt for both schcmcs is about the same. ‘1’hc subcarrier  and symbol degradation,

however, arc significantly different for CSC and Y’SC, the degradation from the former being

greater than latter duc to the carrier not being tracked and the signal not being combined

until after the subcarricr  and symbol loops. Coml)aring  the sum in ‘1’able 4 to l“ig. 3 for

li~u,,t  ~ 400 sym/scc  indicates that  the total  degradation can bc approximated to bc the

sum of the individual degradations.

3.2.2 Array of One 70-~m

‘1 ‘hc pcrforrnan cc of a 70-nl

and One 34-m S’I’D Antennas:

and one  34-nl standard (S’1’1 )) antenna array is shown in l“ig.

7(a) using the same parameters as in Fig. 5 cxccpt * =- 15 dll-llz  and & = 7.3 dll-llz,

i.e., -yI =- 1 and 72 = 0.17 as shown in ‘1’able 1 of part, 1. IJigurc  7(a) also shows the rcsult,s
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for li.w,t=- 200 sym/scc.  At these signal  k!vcls the 34-n~ antenna is not expcctcd  to achicvc

subcarrier  and symbol lock without being aid(!d by the 70-nl antenna. Consequently, the

CSC arraying scheme is implemented by passing frequency and phas(!  information from the

70-m to the 34-m antenna. As a result, the cffcdivc  subcarricr  and symbol loop SNILS of

the 34-m is identical to that of the 70-m antenna. ‘1’hc modifi(!d  CSC is called CSCA or

Complex Symbol Combining with Aiding. in this scenario, the practical FSC outperforms

CSCA when W,CIJSC = WJ~.u  is greater than 4.5 ml JZ at Ry,,,  = 400 SYJn/SCC and 10.0

ml IZ at R.V,,,  =- 200 sym /sec.

3.2.3 Array of One 70-m and Two 34-~m SI’D A n t e n n a s :

}Umlt  for an array of onc 70-nl and two 34-m antennas is shown in Fig. 7(b). l’ractical

1“S(3, in this case, outperforms ~S(lA  when W.JI.. = W.gll.y  is greater than 4.0 ml IZ at

l(SY,,, = 400 synl/scc  and 8.5 mllz  at R.y,,,  = 200 syn~/scc.

3.2.4 Array of One 70-m and three 34-m STD A n t e n n a s :

lkxult  for an array of one 70-nl and three 34-nl antennas is show]l in l’ig. 7(c). 1 ‘ractical

l~SC outperforms CSCA wh(!n WSCIIS. = W.JI.Y  is greater thali 3.5 ml IZ for &,,, = 400

syn~/scc  and 8,2 nlI IZ for }tsu,,l = 200 sym/scc.

3.2.5 Array of Four 34-m STD Antennas:

]tcsult  for an array of four 34-nl antennas is shown in l’ig. 7(d) for &VT,L= 50 syln/scc  and

l&t:- 25 synl/scc  with BCW. u 4001 Iz. l’or this array, }JSC has less degradation thal~  CSC

when W.CB8C = W.yll.y  is above 0.32 ml IZ for ItsW,,= 5 0 sym/scc  and 0.8 ml Iz for R.Y,,,= 25

syn]/scc.  1 ‘ractical  FSC is able to operate for the given W..l~.. =- W.JJ.V  without losing  lock

(assume the subcarricr  and  symbol loops arc able to lock to the input signal if their respective

loop SNILS arc greater than 12 dD). l’or CS~,  however, the ]naxiln~l]n w.c}~.c  ‘ w.g}~.~ that

13



can bc supported without losing lock is about 0.9 m] IZ3 at &W,,=-50  sym/scc and 2 mllz

at &,,&Z 25 sym/scc.  ‘l’able 5 lists the break-mwn points  for the different combination of a

70-m and 34-m antennas mentioned.

4 Conclusion

l’art I and  11 of this article clescribci  the pcrfonnancc  of F’SC and WC in tcnns of symbol

SNlt degradation and syn~bo] SN1{ loss. It is S}1OWN that both degradation and loss are

approximate] y cqua] at low values of symbol SNI 1, but divcrg(! at high SNI t values.

It is evident, that the relative pcrfmnance  of 11’SC  and CSC depends critical] y on the

scenario. Hoth systems perform WC] 1 except whm the subcarricr  and symbol clocks are so

unstab]c  that a ma] 1 W~Cl~~C  = l$’~u}l~v can ‘t be used. l“or the following arrays - two 70-m

antennas, onc 70-m and  onc 34-m antennas, one 70-nl and  two 34-m antennas, and one 70-m

can d t]] rcc 34-m anten n <as - it is shown that I“SC h,m ICSS degradation than CSC when W~C}lSC

= WSVBSM is above 3.0, 10.0, 8.5, and 8.2 ml IZ at the symbol rate of 200 sym/see, ancl 1.2,

~ .5, 4.(), and 3.5 III] lZ at a symbol rate of 40() synl/see, rcspcctivc]y. ]ror m array of four

34-m antennas, FSC luM lCSS degradation than  CSC wh(!n W~Cll~C  ❑ - W~yll<,U  is above 0.32

ml IZ at the symbol rate of 50 sym/scc  and almvc 0.8 m] 1 z at the syJnbol  rate of 25 sym/scc.

3rl’his  point, howcnwr, can be incrcasd  by using the average of the four phase estimates of the subcamicr
and symbol loops to dfcctivd  y improve the loop SN IL hy about G d]], so that  the clqyadation  is lcxwcnccl.
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Appendix A

A.1 Subcarrier  Loop SNR Performance

~onlparcd  to the conventional umnodificd  subcarricr  loop which cmq~loys  the l-arm as

shown in Fig. A. 1, the moclificd  subcarricr  loop, dcpictcd  in Fig. A.2, utilizes both t}lc  1

and Q arms of the b.asscband  signal for tracking. ‘1’hc loop SNI{ for both schcmcs arc derived

here and compared to the case when the carrier is locked. l’or ~SC, the 1 and Q chanJ~cls

at the input of the subcarricr  loop arc rcspcctivcly  given as

Q(t,,)  = fid(t,,)Sqr(wsCt,l  -I  O.C) sin(AuCt,,) -I nQ(t,t) (A.2)

WhCrC n] (ftz) and nQ (~,1) arc illdCpClldCllt  ~aUSSiall llOiSC  proccsscs and a]] OthCr paralnCtCrS

arc previously defined. As shown in Fig. A.2, both the J and Q components arc multip]icd

by the squarcwaw! rcfcrcnccs  and averaged over onc symbol period (assuming perfect symbol

tinling),  resulting in [4]

IS(k) = fid~f(~)~.) cos(AwCt/k) -I 7zJ~(k) (A,3)

]C(k) == fidkjI(~)J cos(AwCtk) -I n.IC(k) (A.4)

~s(k) = fid~~(f#~sC)  sin(AwCtk)  -{ nQs(k) (A.5)

~.(k) = ~d@(~sC) sin(AwCtk)  -1 ?~Qc(k) (A,6)

where k denotes the symbol index, ~(@sC)  ❑ 1 –  #[&l ‘ o r  lh$.1  < m,  g(dk)  ‘-  +@..  f o r

[~kl < A) and val’[nl.$(k)]=” var[n~.(k)]’  v@?Qs(k)]’”  var[nQc(k)]=  O: : #. ‘1’h! CrrOr

signal  of t,hc conventional and  modi ficd subcarricr  loops arc rcspcctivdy  given as

c(k)] = Pj(&)g(&) COS2(AA)  -I ~] (~) (A.7)

~(k)JQ = ]’f((f)sc){)(&)  ‘1 ~JQ(k) (A.8)
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where the variance of the noise  terms (after averaging over AwCtk assuming uniform clistri-

Lution) arc respectively given as

2ujvj~  z 1’0; -1 2U:, (A.9)

1’0:
0;, ‘ y + 0; (A, IO)

‘1’hc slope of the S-curve can now bc found by taking the first derivative of the average

error signal with respect to ~~., and then setting #~C = 0, According] y, the slopes of the

conventional and nlodi  ficd subcarricr  loop arc given m

}(:,.C ~ ~ r’ ( A l l )
n

K;,fc ,- ?}’ (A.I2)
x

Note the slope of th(! lQ-arn~ is identical to the slope of the l-arnl  when the carrier is locked

[4]. Assuming linear thory,  the loop SN1i, for t,hc subcarricr  loop is given as

1 K;
p., ‘ ——————

211.,7 ‘u%
(A.13)

WhC!rC! ~;r, is t,hc Cm!-sided noise bandwidth of the ]oop. Si nq>li  fying, t,hc conventional and

modified loop SNI b arc rcspcctivc]y  given as

2 2 P/N O

( )P:c ‘ ; 2111,  W,(

2 2 I’/NO
( )

p:y= ; —
Z.cw..

(]-i AJ-] (A.14)

( ] - ’  ~&i)-’
(A.15)

For con~parison,  the l-arnl  loop SNlt when the carrier is locked is given in (10, part 1). Vigurc

A.3 illustrates the subcarricr  loop SNILs when the l-arn~, IQ-arm, and the l-arm  with the

carrier ]ock(!d arc used. F’or low syn~bcd  SNILs, t,hc I-arnl has a loop SNJl that is 6 dll lower

than the case when the carrier is locked. llsing  the IQ-arn~, however, rccovcrs 3 of the 6

d] 1s. At high syn~bol  SNI k, the pcrfornlan  cc of the 1 Q-arnl is id(!ntical to the l-arm when

the carrier is lock(!d.
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A.2 Digital Data Transition Tracking Loop SNR Performance

Shnihw to the subcarricr  loop, the conventional 1 )i.gital 1 )ata Transition ‘D-acking ]JOO~

(1)’1’’1’1,) shown  in Fig-. A.4 will be lnodificcl  to utilize both the I and Q channels as dcpictccl

in h’ig. A.5. Assuming  perfect subcarricr  clcl~~(](l~llatioll)  the 1 and Q components for CSC

arc given ass

]k = odkcos~c’~  n: (A.16)

where n~ and n: arc independent Gaussian random variables with variance a~~ -2 - ## and #.

is the carrier prcdi ct error,

‘]’hc performance of the IYJ’’J’J, has been derived in [5] assuming  carrier lock (q’~~ =- O).

When this is not the case as in CSC, the loop suffers degradation and the objcctivc  here

is to quantify the dccrcasc  in pcrfonnancc  for both  the conventional and nlodificd 1)’] “1’1,.

~’hc analysis of the 1)”1’’1’1, follows CIOSC1  y that of [5] with the difference now being that the

clata is nmdulatcd  by a slow] y varying cosi nc function. I Icncc, all the relevant parameters

arc derivccl  here conditioned on @C and, afterwards, these paranlctcrs arc averaged over &

C%sswning  uniform] y di stributcd fron] --7r to 7r.

‘1’hc normdizcd  njcan of the error signal, e~, co] ]ditioncd on the normalized tinling  error

A (in cycles) and the carrier predict error +C is the ncmnalizcd lhasc  clctector characteristic

91) (A, l~c) colnmonl y tern~cd the loop S-cUrVc!. l’ollowing  similar  steps as in [5], g~(~, @C) and

g~Q (A, ~~e), the S-curves of the conventional and the nlodificd 1 Y] ’’]’],, arc rcspcctivcly  given

<ass

‘( ‘VSV8- 2~lcos@C[ [crf(A) - crf(ll)]9$L ~, @c) = ~\cos&lcrf(}l)  –  - (A.18)

g~Q(A,  ~Jc) =- ~lcos~clcrf(}l) -1 Alsin~~Clcrf(ll’)  – ‘ s ’ 8

-  ~ lcos~cl  [crf(A) - crf(}l)]

— ~~~[sin#Cl  [crf(A’) - crf(ll))] (A.19)
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where A == fil@.1) A’ ‘ @@Ll, ~~ ‘- fi(l  -  2A)[cos@c[,  and  11’=  fi(l -

2A) Isind.[. 1’0 compute  the S-curve conditioned only on A, g~(~, @.) and g~Q(A, &-) are

nun~crical]y  intcgratccl over @C assuming  uniformly distributed. Setting @C =- O in (A, 18)

results in the same S-curve as in [5]. ‘1’hc first clerivativc  of the S-curve at A =:: O is given as

w
~f~,SV(@C) =- lcos@Clcrf(A) – &COS2@c

{--
#;cxp(-A2) (A.20)

-I [sin@C[crf(A’)  -

where K~,~V(#C)  and K~$U (~JC) clcnotc  the slope of tl]c S-curve for the conventional and

modified DT’I’1, condi  tioncd on @C rcspcctivc] y. Numerical] y integrating over #C gives the

unconditional slopes denoted as K~,,Y and K~,$?Y rcspcctivcl y. Setting & = O in (A .20) gives

(A.22)

which is idcntica] to the slope given in [5]. 1~’igurc  A.6 lists the ratio of ~ ancl #fl for
~IQ

g,ey 9,8g!

different synlbol SN1/s.  At low syn]bol  SNTI t, K~,sy and K~,~y art! about the sanlc while K~,~Y

is about, twice as 1 argc. Also, the norma]i zcd noise spcctrunl  at A ❑ - O can be shown to bc

IIJ(O, (/)c) = 1 + o.5w.v*cos2#. –  -
[

w~u ]
—CX])(--A2)  -1

zfi
~[cos@lcrf(A)]2  (Ax)

[
l?Q(O, #C) =- 2-1 0.5WSv: – !V; fl-cx])(-A2) -1

fi
~[cos@C[crf(A)12

[

& l— —cxp(-A’2)  -I
zfi

~lsin@Clcrf(A,)12 (A.24)

where h] (O,&) and  hxQ (O, q!!c)  denote the normalized nois[! spcctnun  for the conventional

and nlodi  fied 1)’] ‘T] J conditioned on ~~C,  rcspccti  VC1 y. Nulncricall  y integrating over ~jC rcsul ts
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in the unconditional normalized noise  spectrum denoted ,as }L1 (0) and h!Q (0) rcspcctivel  y.

Setting & =- O in (A.23) gives

(A.25)

which is the same m the noise spectrum given in [5]. Figure! A.7 lists values of h(0), hi(0),

and hlQ(0) for different syn~bol  SNlis.  It is evident that ~L(0) is slightly greater than hl (0)

but significantly ICSS than hJQ(0). Assunqing  linear theory, t,hc IYJ’rl’l, loop SNR, is given as

[5]

p.y  : L__L_L

21r2 NOW.sV118g
(A.26)

where  L = ‘~($ ‘2. }“urthcnnorc, the loop SNlt  for the conventional and n~oclificd 1) ’I’TI,,

denoted p~V a n d  p~$, a rc  found by norlnalizing  (A .26) by L1 = ~ or LIQ :. %0~

rcspcctivc]y. Figure A.8 illustrates the loop SNlt of the 1 )’1’’1’1, using the l-arn~, IQ-arm,  and

l-arm  when the carrier is locked, At low synlbo]  SNI t, it is clear that, using on] y the l-arm

rcduccs  the loop SN1/ by 6 cl]] con-q>arcd  to the c,asc when the carrier is ]ockcd, and utilizing

the IQ-arm  recovers 3 c)f the 6 CIIIS.

Appendix B
B.1 Derivation of (9)

where A@~ll =-- O,il –&l and all other symbols ar(! defined in (5) of nlain text. ‘1’hc conditional

}“ = li(/zk/&.r,  , @su,, , Al+,] )J;’  (%c/dsc,,,  > (&/,,, ) MkI )
( lx., Ix’,., Pnti)tmtflc,,, ~w,,  Lsc.,, c@d+ll -M,,,, ] dk ‘“ dk-,
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which simplifks  to (11). In addition, the phase OZ in (9) is given as

dk ‘: dk_,

B.2 Derivation of (16)

l,ct C8V,,  bc the signal reduction function due to symbol timing  errors in the nt” symbol

synchronization loop. Then the ntll matched filter output  in (5) can be rewritten as

r~k,,l ‘ ];l~.C., ~~g,, ~~kC1.@WCk+  LI)l .1 j-k,,, (11.4)

‘1’hc relative -phase  cliflcrcncc bctwcc!n antenna 7?. and 1 is estinlated  by performing the cor-

relation operation shown in Y’ig. 2(L). Assuming pcrfcd  t,imc alignment, the corrclator

output, i, is given as
N

.i ~- ~ ~k,,tt;,l (11.6)
k. 1

where lV =-- 7 ~/7’ is the nunlbcr  of synlbo]s  used in the correlation. Substituting the cxprcs-

(11.7)

Using (A .5, part J), the corrclator  SNlt bctwc!cn antenna 7t and 1 for CSC is givcm as

(13.9)

and simplifying yiclcls (16).
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Table 1. Comparison of FSC and CSC

FSC Csc

Combining
Bandwidth

Sample rate Symbol rate

Carrier Closed before Closed after

Loop subcarrier and subcarrier and
symbol loops symbol loops

Effective PINo at
At Least 6 dB

Lower than FSC
input of SubCarrier
loop for two 70-m

when the carrier is
not locked and 3 dB

antennas lower than when the
carrier is locked

At Least 6 dB
Effective P/No at

input of Symbol loop
Lower than FSC

for two 70-m
when the carrier is

not locked and 3 dB
antennas lower than when the

carrier is locked

Array of a Loops operate on Phase and frequency

70- and 34 m the combined information passed

antenna signal power from 70- to 34-meter
antenna

Array of four 34-m
Implementable

Harder to
antennas implement

o

. . — .
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%
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AfCT

Figure 2. Degradation at the matched filter output
carrier frequency error-symbol time product

vs.



IIEItI”
II I

Trill.,’–.’.“.’-’ 1

1.2

0.0

t- Bc=o.1 HZ jll-- ---1.-.+-.+.1{ 1111.---.-+.

.01 .1 1 10
WSC B~C  = W8Y BSy(rnHz)

Figure3.  Degradation andloss vssubcarrier and
symbol window-loop bandwidth for SER = 0.286942

Table 2, CSC loop SNRS for SER = 0.286942

0.01
0,1
0.3
0.5
0.7
0,9
2,0
4,0
6.0
8.0
10,0

Carrier Subcarrier Symbol Correlator
Loop SNR Loop SNR Loop SNR SNR

(dB) (dB) (dB) (dB)

21.8 49.7 37.2 24.1
21.6 39,7 27.2 24.0
21.5 35.0 22.5 23.8
21.4 32,7 20.2 23.7
21.4 31.3 18.8 23.7
21.3 30.2 17.7 23.6
21.1 26.7 14.2 23.3
20.8 23.7 11.2 23.0
20.5 21.9 9.4 22.7
20.3 20.7 8 . 2 22.5
20.1 19.7 7.2 22.3
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Table 3. CSC loop SNRS for SER = 3.4e-5

%c~mc;z%#sy
Carrier Loop SNR Subcarrier Symbol Correlator

(dB) Loop SNR Loop SNR SNR
Bc = 160 Hz Bc = 70 HZ (dB) (dB) (dB)

0.01 12,7 16.3 77.1 67.3 49.3
0.1 12.7 16.3 67.1 57.3
1.0

49.3
12,7 16.3 57.1 47.3 49.3

10.0 12.7 16.3 47.1 37.3 49,2
100.0 12.6 16.2 37.1 27.3 49,1
1000,0 12.3 15.9 27.1 17.3 48.7
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Figure 5. Practical FSC and CSC degradation vs
subcarrier  and symbol window-loop bandwidth
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Integration Ti;e

I D e g r a d a t i o n FSC Csc

0.034 dB 0.002 dB

0.029 dB 0.038 dB
(Pc =21.8 dB) (Pe = 20.6 dB)

Combiner

Carrier
Loop

0.126 dB I 0.324 dB
(Psc= 30.8 d B )  (pSC= 2 2 . 7  d B )

Subcarrier
Loop

Symbol
Loop

Energy Loss

Sum 0.533 dB I 0.708 dB

Table 4. Degradation Breakdown for two 70-m antennas
at Wsc Bsc = WsY Bsy = 5mHz
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Table 5. Break-even point for FSC and CSC

Antenna Array

Two 70-m
70- and three 34-m
70- and two 34-m
70- and one 34-m

Value of
WSY%.Y  = WSCBSC  (MHZ)

where Dfs.c = Dcsc

~Ym= 200 HZ ~Ym = 400 HZ

1.2
3.5
4.0
4.5

Value of
WSYBS.Y . WscBsc (mHz)

where Dfsc > Dcsc

=~ym=400H,

>3.0 >1.2
>8,2 >3.5
>8.5 >4.0
>10 >4.5

Value of
WSY%Y  = WSCBSC  (rntfz)

where Dfsc c Dcsc

T

%ym= 200 HZ f%ym= 400 HZ

<3,0 <1.2
<8.2 <3.5
<8.5 <4.0
<lo <4.5
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Figure A8. Symbol loop SNR vs
symbol SNR
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